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Abstract: We present a SMART injector with two parallel common-path optical coherence
tomography fibers to enable angle measurements and injection depth corrections for oblique
subretinal injection. The two optical fibers are attached to opposite sides of a 33 G needle with
known offsets and designed to pass through a 23 G trocar that has an inner diameter of 0.65
mm. By attaching a SMART system to a rotational stage, the measured angles are calibrated for
minimal error from reference angles. A commercial eye model was used to evaluate the control
performance, and injection experiments were performed on a phantom made of agarose gel and a
porcine eye.
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1. Introduction

Subretinal injections are important ophthalmic procedures for various types of treatments in
pharmacologic or genetic therapies [1-3]. In particular, several retinal gene therapeutic materials
are injected in the eye as viral vectors to elicit expressions in the photoreceptor or retinal pigment
epithelial (RPE) layer as promising methods to cure several retinal disorders [4,5]. For such
operations, surgeons usually puncture the sclera with three surgical trocars that are then used for
the surgical tool, illuminating probe, and irrigation tube, where the incision points are adjacent to
the limbus [6]. Then, a microcannula is passed through the trocar, and its tip is inserted in the
subretinal space under a targeted lesion to transplant drugs [7]. During the subretinal injection,
the microcannula must be maintained stably inside the subretinal space for safety such that it
does not penetrate the choroid beyond the retina [8]. In addition, the surgical trocar needs to be
as stationary as possible along the transverse direction to prevent injuries, but it necessitates an
inevitable oblique insertion into the retina because of the relative position between the trocar and
a limited surgical lesion [9,10]. Meanwhile, oblique insertion is even beneficial for efficiency of
injection as it prevents leakage of a drug or intraocular hemorrhage [11,12]. As an example, a
parallel robot-assisted retinal microvascular stenting was implemented [13] that showed that the
insertion angle of the guide wire had to be less than 46° in order to prevent puncturing the target
vessel. In addition, the first subretinal injection aided by parallel robot was suggested in 1997 by
using six DC servo motors and hydraulic actuator [14]. In the case of a hand-held type robot for
subretinal injection, the physiological hand tremor has a root-mean-squared (rms) amplitude of
182 um and 7 to 13 Hz frequency, which can cause excessive injection depth during a procedure
[15]. The Micron was proposed as one of the hand-held devices for hand tremor compensation
[16]; it uses a monocular camera to detect the position and orientation of the tool tip of the
Micron and six small piezo motors to achieve control. Although this tool could be utilized to
perform retinal cannulation [17], it is impossible to directly measure the relative position between
the tool tip and the target sample.

Optical coherence tomography (OCT) is a technique capable of capturing a cross-sectional
profile of a sample with a resolution of several micrometers [18], and it has been adopted to the
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hand-held micromanipulator, smart micromanipulation aided robotic-surgery tool (SMART),
along with an optical fiber in a common path (CP) manner and a linear piezo motor [19-21].
Recently, the SMART micro-injector system has been used to inject drugs at a target depth
within a sample [22]. This tool provides good performance for hand tremor compensation during
injection in a gelatin sample and a bovine eye, with rms errors of less than 5 ym and 11 pm,
respectively; these values are much smaller than the thinnest sublayer of the retina, which is
approximately 30 um [23]. However, it is impossible to estimate the insertion angle, so the
inclination of the needle cannot be considered when the injector is tilted with respect to a sample,
which would introduce imprecise injection given a desired depth.

As a method for an angle measurement using a laser, an interferometer that illuminates two
parallel rays on a sample could be used to calculate the angular displacement from the two
measured positions [24,25]; those methods have been generally utilized for the calibration of a
nanometer positioning stage. In this work, a SMART injector with two parallel CP-OCT fibers is
developed for oblique subretinal insertion. The two CP-OCT fibers are utilized to measure both
the distance to a target and the insertion angle, and a single piezo motor is actuated to control the
position of a needle tip during distance-locking and injection.

2. Materials and methods
2.1. System configuration

As shown in Fig. 1(a), an OCT engine includes a swept-source laser with a central wavelength
of 1060 nm and sweeping rate of 100 kHz (Swept Laser OEM engine, AXSUN), in addition
to a photodetector. The illuminated light from the laser source is divided using a 2X2 coupler
(TW1064R5A1A, Thorlabs) and relayed to the two optical fibers. Most of the optical configuration
is the same as that suggested previously for the dual-OCT SMART system [26]. The presented
system also introduces common-path scheme, so that back-reflected beam from the end surface
of each fiber functions as a reference arm. To avoid interference between back-reflected beams
from the two fiber ends, the two optical path lengths are separated by 1 m, which is much longer
than the coherence length of the laser source. The main difference in this work is that both fibers
are located to the needle, and a polarization controller (FPC024, Thorlabs) is added to remove the
static fringe signal from the two distal ends of the fibers by altering the polarization states. The
acquired fringe is digitized and transmitted to a frame grabber (PCle-1433, National Instruments),
which is built into a workstation (Precision T7610, Dell). Most of the data processing is performed
by the graphics processing units (GPU, GeForce GTX 1060, Nvidia) to rapidly analyze data using
the computing unified device architecture (CUDA) protocol. Then, the control input is applied
from the motor controller (PMD101, PiezoMotor) through an RS232 communication channel,
and a piezoelectric linear motor (LEGS-LL1011A, PiezoMotor) is actuated to manipulate the
position of the needle tip. Lastly, the Visual C++ based Microsoft foundation class (MFC) library
was used to build a graphical user interface via Visual Studio 2019.

Figure 1(b) shows an image of the 33 G needle which has an outer diameter of 0.21 mm
on the xy plane where the two CP-OCT fibers are attached to the opposite sides of the needle.
These fibers are precisely aligned under observation with a portable microscope (Dino-Lite Edge,
AnMo Electronics Corporation) and fixed by curing an ultraviolet (UV) epoxy. The first fiber
is the one that is located closer to the needle tip; therefore, the diverged beam diameter at the
needle tip from the first fiber is smaller than that from the second fiber, as shown in Fig. 1(c),
which is obtained on the xz plane. Even though the two fibers are placed on the opposite sides of
the needle, it is necessary to confirm if the reflected light from one fiber enters the other, i.e., if
cross-talk exists.
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Fig. 1. Two parallel CP-OCT fibers attached SMART system. (a) System configuration:
fiber coupler (FC), polarization controller (PC); (b) and (c) microscopic images of the two
fibers attached to the needle along xy and xz planes, respectively.

2.2. Cross-talk test and algorithm for dual edge extraction

To observe the existence of cross-talk between the fibers, a specific optical configuration was
designed, as shown in Fig. 2(a). An illuminated light from a laser is delivered to the two optical
circulators using a 2x2 coupler. The circulators are connected to the 1" and 2" fibers for
position measurement and also transfer the reflected light to another 2x2 coupler. In addition,
the distances to a sample from the two sources are denoted as diy, and d,4, respectively. By
connecting and disconnecting the joints j1 and j2, it is possible for the detector to selectively
measure the signal from each fiber. Before the sample is placed within a detectable range, a
total of 100 A-lines are averaged and removed from the raw A-line for background subtraction.
Figure 2(b) shows the acquired A-line from a paper sheet, and the blue line is the total signal
when both joints are connected; on the other hand, the red and green lines represent the signal
that is acquired from either the 1 or 2" fiber, respectively. The red and green signals do not
contain sample signals from the other; thus, there is no cross-talk in this configuration. The part
of the needle between the ends of the two fibers would prohibit light illuminated by one fiber
from entering the other.

Figure 2(c) shows the algorithm for the dual edge detection; the red line indicates the A-line
after background removal, and the blue line is a processed A-line that is acquired by low-pass
filtering and thresholding. The acquisition rate of A-line is 1 kHz, and a central moving average
is applied by using thirteen samples including a central data point and twelve adjacent data points.
As a threshold, 10% of maximal intensity of A-line is used. To reliably extract the two edges
of each fiber, the 1* and 2"? signal packets are selected to have prominent surface profiles of
the sample in the following order. First, the notations 1* and 21d jndicate the individual fibers,
and each of the initial boundaries is determined at the crossing point with the corresponding
thresholds. Then, the 15 and 2" final boundaries are selected to have pre-offsets from their initial
boundaries. In this work, the two offsets are selected to be 200 um and 300 um, respectively.
Within these boundaries, each peak is detected and the peaks become the distal ends of each
signal packet. The proximal boundaries of both signal packets are determined by choosing the
depth index that has a larger amplitude between those of the 1*' initial /2"¢ final boundaries and
80% of each maximum peak from the corresponding signal packets. This boundary selection
of both signal packets is applied to prevent a misdetection of each surface, such as the wrong
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Fig. 2. Cross-talk test and dual edge detection algorithm. (a) Schematic of a test to confirm
the existence of cross-talk: optical circulator (cir) and joints 1 and 2 (j1, j2); (b) resultant
A-lines for cross-talk test; (c) typical A-line after preprocessing and dual signal packet
detection parameters; (d) and (e) derivatives of the 1% and ond signal packets and their edge

detection algorithms, respectively; (f) and (g) results of dual edge detection algorithm on
aluminum plate and stacked cellophane tape.
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edges by the noise. After taking the derivative on both signal packets, a central moving average
filter is applied as a low pass filter by using five samples to reduce the noise. Then, zero-crossing
points are detected to indicate the edges of the acquired A-line, as shown in Figs. 2(d) and (e).
The depth indexes of the edges indicate the distances to the surface of the sample [27]; thus,
they are designated as d5, and d,,4 to calculate the position and angle of the needle tip from
the sample. Figures 2(f) and (g) show the capability of dual edge detection algorithm on both
single-layered and multi-layered samples. For the single-layered sample, an aluminum plate is
used, and 4-stacked cellophane tape is introduced as a multi-layered sample. As indicated by
red and green dotted lines, two edges from the sample surface are successfully detected by our
algorithm. No matter what the sample profile is, the two signal packets show the same tendencies,
and the dual edge detection algorithm extracts the first edge which is the sample surface.

2.3. Calibration and optimization for measured angle

In Fig. 3(a), the schematic of the parameters for angle calculation is described. First, d o,
represents the distance between the cores of the fibers along the perpendicular axis to the main
axis, and this is the sum of the outer diameters of the needle (0.21 mm) and the attached optical
fibers (0.125 mm). Then, dg,), is noted as the distance between the two ends of the fibers along the
main axis, which can be measured by subtracting d|,, from d,,; when the needle is perpendicular
to the sample. When the needle and fibers are aligned, dg,, is set to 1 mm to obtain an affordable
range of angle measurements.

When d,, is sufficiently small, the two signal packets are easily merged even for a small
amount of inclination toward obtuse angles; moreover, a large dg,, precludes angle measurements
when the needle is inclined at an acute angle because of the limited detection range of the OCT
(3.7 mm) and weakened signal-to-noise ratio (SNR) of the 2" edge. The variable pos1 represents
the position of the needle tip with respect to the target sample, and d,.; is the distance from
the needle tip to the end of the 1* fiber. During the injection, the needle tip should be inside
sample and the 1* fiber is attached apart from the needle tip to enable measurement by 800 um,
in this study. Accordingly, pos1 has negative values during the injection. On the contrary, the
distances of the 1* and 2" fiber ends from the sample surface need to have positive values for
measurement. The distances, d;g and dpg, can be converted to the positions, pos1 and pos2, by
subtracting d,gye;. Therefore, pos2 is the virtual position of the 2" fiber when it is translated
toward the needle tip by dp.; to have the same dg,, value. Thus, pos1 and pos2 are expressed by
the following equations.

pOS] = dlxt - doﬁket (l)
p0S2 = dan - doﬁ[vet (2)

The position of the needle tip can be negative during injection, and all distances may always
have positive values. When the needle is tilted by 6, the difference between the measured
positions from each fiber deviates from dg,,, and the amount of this deviation is described as
dihifiea. Here, dgpifieq and 6 can be expressed by the following equations.

dshifted = P052 - @031 + dgap) (3)

6 = 90°~tan"™! (—dW’“’) )
c2c

The angle 6 can be derived using trigonometry on the generated triangle in Fig. 3(a), and all
values except d,q, and dcp. can be updated while the system is operated. Here, dgq, and dyo. are
the parameters for angle calculation, and it is necessary to optimize them to minimize errors in

angle measurements.
Figure 3(b) is the schematic for the angle calibration procedure. The SMART injector is
connected to a rotational stage and measures a pitch angle on the xy plane, 8. The same microscope
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Fig. 3. Calibration and optimization of the parameters for angle calculation. (a) and (b)
schematics of the parameters for angle calculation and calibration, respectively; (c) multiple
A-lines at different reference angles; (d) signal-to-noise ratio (SNR) of the detected 1** and
2" edges; (e) result of optimization of the parameters for angle calculation; (f) result of
angle measurement after the calibration and optimization.
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that is used for fiber alignment is placed in front of the stage, and the internal angle measurement
software is used to obtain the reference angles, 6, for the angle calibration. Moreover, the
roll angle on the yz plane, ¢, was manipulated by 90°, 60°, and 45°. Our system was designed
to measure the pitch angle on a xy plane which is generally visualized during an ophthalmic
operation. The analysis on the roll angle is conducted to verify that geometrical inclination on
another plane does not affect the measured angle, 6. Figure 3(c) shows seven A-lines that are
captured on a paper sheet as the sample when the roll angle is 90°. Once the needle is inclined
on the xy plane, the SNR worsens, and this was analyzed for both the 1* and 2" edges, as shown
in Fig. 3(d). It is noted that the SNR decreases when it deviates from both the reference angle
and roll angle of 90°. In addition, it is difficult to reliably extract the edge of the 2" packet when
the needle is inclined at 30° or 150° owing to the broad widths and merged profiles of the signal
packets.

To calculate the angle more accurately, an optimization procedure was performed to find the
optimal values of dg,, and doc. diy and da,g are saved during the calibrating procedure, and the
angles are calculated using Eq. (4). Here, the grids of both d,, and d.,. for the optimization are
generated (1 um X 1 um), the root-mean-squared errors (RMSEs) between each calculated and
reference angles are plotted, as shown in Fig. 3(e). The least RMSE value detected for d.;. is
339 pm and that for dg, is 986 pm. Figure 3(f) shows the calibration result after optimization
of the parameters. The angles are calculated from 30° to 150° with 5° increments for three
repetitions, and the black dotted line is the reference line for the measured results. The RMSEs
of the measured angles are 1.14°, 1.22°, and 1.69° for ¢ values of 90°, 60°, and 45°, respectively.
Then, the maximal RMSEs at each ¢ value are 2.97°, 2.59°, and 5.54°. In addition, the average
of standard deviations of the measured angles are 1.87°, 2.84°, and 3.39° for each ¢ values. The
maximal standard deviations at each ¢ value are 3.97°, 5.68° and 6.32°. When ¢ gets inclined,
the accuracy of the angle measurements is degraded, however, the results are still well fitted with
the reference angles.

2.4. Flow chart

Figure 4(a) explains the flow chart of the two parallel CP-OCT fibers attached SMART injector
system. A total of 80 spectra of 1376 data points each are read framewise and transferred to the
host spectrum buffer. Then, the device memory at the connected GPU allocates the spectrum
buffer to handle those spectra and takes the data in the host spectrum buffer. The 80 spectra
are averaged by 4, resulting in 20 averaged spectra, and zero padding is applied to increase the
number of data points for one spectrum from 1376 to 4096. This enables obtaining 2048 data
points in the resultant A-line while acquiring a half of a fast Fourier transform spectrum. Then,
the 20 A-lines are averaged for robust edge detection. Thereafter, the single A-line is returned
to the host memory; then, the two positions, posl and pos2, are extracted after background
subtraction and A-line processing, as explained in Figs. 2(c)-(e).

From these values, the angle 6 is calculated using Eq. (4), and the controller takes pos1 and 6
for distance-locking and injecting procedures. The proportional controller is iterated for pos1 to
have the desired value d . by rejecting the hand tremor and modifying the control gain adaptively
to obtain the least RMSE between pos1 and d s by monitoring temporally averaged RMSE for
0.5 s. Finally, the control input is plugged into the motor driver and the procedures are operated
every 1 ms, which is 50 times faster than the physiological hand tremor. Figure 4(b) shows the
three different operating modes of our system. The first mode is freehand and starts analyses
as soon as the system starts obtaining the spectra from the OCT engine. In the freehand mode,
posl, pos2, and 6 can be manipulated freely as well as displayed and recorded. It is necessary for
the needle to be moved in the vicinity of the sample to enable measurements by the two OCT
sensors. Second, the motor is actuated to maintain the distance from the sample for dy.; by the
controller. This mode allows users to move the needle without interrupting the target surface and
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Fig. 4. (a) Flow chart and (b) schematic of three different operating modes of the two
parallel CP-OCT fibers attached SMART system.

safely move and tilt the needle towards the lesion to be injected. The final mode is injection, and
the needle is located beneath the surface of the target lesion to inject drugs. This shares the same
control loop with the depth-locking mode so that hand tremor can be compensated; however, the
target position of the control becomes different. When puncturing the sample, pos1 should have
a negative value, whose amount is the injection depth denoted as dy;.

During the injection, the target position of the control becomes —d;,;, which needs to be
changed in accordance with the insertion angle, 6;,,, that is measured right before the needle
is inserted to ensure constant target injection depth, dy,,, regardless of needle inclination. dy,,
is a predetermined value such as the retinal thickness at the target lesion and is measured
perpendicular to the surface of the corresponding area. In contrast, d;,; is the penetration depth
along the insertion axis. Once d,, is determined, d;,; is calculated using the following equation.

dinj = dlar/SineinS (5)

Therefore, the more the needle is inclined, the larger the amount of d;,; is employed to produce
a higher injection depth, i.e., injection depth correction is. If it is not possible to measure the
injection angle, the injection depth perpendicular to the surface of the target lesion cannot be
corrected accordingly.

3. Results

3.1.  Evaluation on control performance of distance-locking

First, a commercial eye model (FUNDUS-Globe model, BIONIKO) was used to analyze the
performances for hand tremor compensation and angle measurement, as shown in Fig. 5(a). The
sclera is punctured with a 23G surgical trocar, and the needle tip is inserted to measure the
distance from the inner surface of the eye model. The overlapped numbers 1 and 2 on the eye
model indicate the initial and final points, respectively. As shown in the right sub-figures in
Fig. 5(a), the initial point yields an acute angle, and the other yields an obtuse angle. While
tilting the needle from the initial point to the final point, tremor compensation is actuated, and
the angle is simultaneously calculated and recorded, as shown in Figs. 5(b) and (c). Before
turning the control on, the hand tremors were captured; however, they were significantly reduced
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during the control, as indicated by the red line, pos1, in Fig. 5(b). While tilting the needle, the
shifted value of pos2 is observed owing to the curvature of the eye, which can provide intuitive
information about the angle changes. The measured angle is shown in Fig. 5(c). As expected, the
angle from the initial point is acute, 42°, and the final point provides an obtuse angle, 118°. The
angle is roughly changed because of manual tilting; however, the position of the needle tip is
safely maintained at a distance of 500 wm from the inner surface of the eye model.
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Fig. 5. Eye model test. (a) An experimental setup for hand-tremor reduction on an eye
model, (b) and (c) acquired dual OCT signals and measured angle, respectively, and (d) the
RMSE of data with respect to measured angle.

The control performance was evaluated by the RMSE values between pos/ and the desired
position, 500 um. The temporally averaged RMSE for 0.5 s was continuously recorded with the
angle at that time. When the needle is at an acute or obtuse angle from the sample,, the SNR of
the A-line worsens so that it directly affects both the edge detection and control performance.
Therefore, the RMSE must be analyzed for various angles; the distribution of the RMSE with
respect to the measured angle is shown in Fig. 5(d). The black dots are the recorded RMSEs for
every 0.5 s. They are averaged again with respect to the measured angle, and the stars and error
bars correspond with the mean and standard deviation (std) of the RMSEs at the averaged angle.
As indicated by the red dotted line, which is a poly fitted result, a smaller RMSE is achieved at
the measured angle of 90°. The averaged RMSE of 7.8 um was achieved in this case; however,
the performance was degraded for greater inclinations while producing the averaged RMSE of
17.5 pum. Nevertheless, the proposed design still offers affordable performance and prohibits the
needle tip from touching the sample owing to the high resolution of the OCT sensor and high
operation speed of 1 kHz.

3.2. Injection test on agarose phantom

To analyze the injection performance, an injection phantom was constructed, as shown in Fig. 6(a).
A 3% agarose gel was formulated to mimic the retina in terms of Young’s modulus [28,29] and
was thinly sliced using a single-edge blade (DN-52, DORCE). One drop of indocyanine green
(ICG) was placed on the agar slice and spread to induce diffused reflection. Then, the sample
was laid on a box made of polydimethylsiloxane (PDMS). Once the needle was inserted in the
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agar slice, a small amount of the ICG permeates into the injection hole, resulting in a shadow on
the PDMS box. Three different injections at insertion angles of 90°, 60°, and 45° were planned,
as shown in Fig. 6(b), and dy,, is 270 um, which is the general retinal thickness [23]. In the
sample, the required injection depths, d;y;, are inscribed to assess placement of the needle tip at
the desired d;,r. At 90°, d;y;; is equal to dy,,. For needle inclinations of 60° and 45°, d,; is set to
311.7 wm and 381.8 um, respectively. Figures 6(c) and (d) are the injection results with injection
depth correction. The three injections are performed consecutively on the same agar slice, and it
is noted that pos1 has negative values during the injection. The magnified results are overlapped
on the injection results and the RMSE errors for each injection are described. All three injections
have smaller averaged RMSEs (5.67 um, 6.65 um, and 11.66 um at 1*, 2nd and 314 injections)
than those of distance-locking at each angle. The actual connection between the needle and agar
slice would act as a damper such that the involuntary motion by hand tremor would decrease. In
addition, injection depths were calculated at each insertion angle, and these coincided with the
required values. The first injection was done at 90.9°, which had approximately same target depth,
270.03 um. The second and third injections were performed at 60.1° and 46.4° by introducing
injection depths of 311.4 um and 372.8 um, respectively; these various injection depths can be
seen on the magnified view in Fig. 6(c). In the same manner, Figs. 6(e) and (f) are the results
of the three injections without depth correction; the most distinguishable aspect here is that all
injection depths were the same regardless of the insertion angles, in contrast to the results with
injection depth correction. The injections were performed at insertion angles of 92.5°, 61.2°, and
42.5° with the same injection depth of 270 um.

To validate whether the corrected injection depths could produce steady injections for oblique
insertions, the cross-sectional profile of each injected case was imaged using a commercial
SD-OCT (Callisto 930nm OCT Imaging System, Thorlabs) after removing the ICG on the
surface of the agar slice. It can be seen that steadier injection depths could be achieved by depth
correction with precise injection angle measurements than without depth correction, as shown in
Figs. 6(g) and (h), respectively. The perpendicular insertion has a similar injection depth for both
cases; however, the depth uncorrected results produce shallow injections as the needle is inclined
more. On the contrary, the depth-corrected injections are able to place the needle tip at constant
depths in all cases.

3.3. Ex-vivo test on porcine eye

As an ex-vivo test, a porcine eye is excised, as shown in Fig. 7(a), and the microscopic view is
overlapped on it. The microscopic images are displayed during the operation to visualize the
injection lesion. Figures 7(b) and (c) are the measurements of the positions and angles during
the ex-vivo test. The three operating modes are clearly seen: freehand, distance-locking, and
injection. The measured positions for each mode are magnified and the RMSEs were calculated
as 142.22 pum, 15.19 pum, and 12.72 um, respectively. As expected, the injection RMSE was
smaller than that of depth-locking, and the needle was supposed to be 45° for oblique insertion to
the target depth of 220 um. The actual injection, however, was performed at 43.3° and induced a
dipj of 320.7 um. The needle tip was placed within the subretinal space for approximately 13
s, and a small dose of the ICG was injected using the connected syringe. Figure 7(d) shows a
3-dimensionally reconstructed SD-OCT image of an intact area on the porcine eye. The distinct
features, such as choroid, inner limiting membrane (ILM), and RPE, can be visualized as shown
by the yellow arrows. The injection aims to perfuse the ICG inside the subretinal space on the
RPE layer, which is located between the photoreceptor (PR) layer and Bruch’s membrane (BM)
on a choroid.

Figure 7(e) shows the image of the injected lesion that is adjacent to the intact area in Fig. 7(d).
Similar retinal features can be observed; however, there are apparent differences in the injected
area. First, the trace of incision by the needle is revealed, as indicated by the dashed yellow lines.
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Fig. 6. Injection phantom test. (a) Optical image of an injection experiment on a phantom
and the needle used; (b) schematics of the three injection cases; (c) and (d) results of the
positions and angles with injection depth correction; (e) and (f) without injection depth
correction; (g) and (h) SD-OCT images of the injected phantom with and without depth
correction, respectively.
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Fig. 7. (a) Experimental setup for injection of porcine eye; (b) and (c) measured position
and angle, respectively; (d) and (e) part of the 3D OCT image of an intact area and injected
lesion on the porcine eye, respectively (see Visualization 1).

The insertion angle is measured to be 43.3°, and the corresponding image is obtained. Second,
the injected ICG can be clearly seen, and it is located on the RPE layer because the neighboring
RPE layer is below that. Finally, a shadow is created by the high reflectivity of the ICG, so that it
is impossible to see the cross-sectional image beyond the injected ICG. If the injection depth
is not sufficient to reach the desired layer, most of the ICG cannot be transferred to the RPE.
With the hand tremor compensation and injection depth correction, the subretinal injection was
successfully performed to the target layer without damaging the retina of the porcine eye.

4. Discussion and conclusion

In this study, two parallel CP-OCT fibers were attached to the needle of the SMART injector to
calculate the insertion angle from the sample. The capacity for angle measurement is dependent
on the laser specification and fiber configuration with the needle. The geometrical properties of
two parallel beams based on the target sample were considered to design a mathematical model to
calculate the angle. To achieve more precise angle calculations, the calibration and optimization
procedures were performed using a rotational stage and microscope. The presented system is able
to detect both the position and angle of the needle from the target simultaneously and compensate
for an additionally required injection depth when oblique insertion of the needle is needed.

In conclusion, steady injection depths could be achieved by injection depth correction with
precise injection angle measurements using two parallel CP-OCT sensors attached to the SMART
injector. The proof of concept for the two parallel beams in terms of angle measurement has
already been proven in industrial applications, such as stage calibration. Through this work,
we have proved that this structure can be minimized further by incorporating an all-fiber setup
and can be further developed to miniaturize the probe-type angle measurement system, which
is not only suitable for industrial measurements but also usable in biomedical or microsurgical
applications. The proposed method has an intrinsic hypothesis that the surface of the sample
between two measurement points is flat. In other words, it is impossible to measure the drastic
changes of an angle within two measurement points, d.. Nevertheless, it was possible to
successfully measure angles on several samples such as an eye model and a porcine eye which are
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flat enough within the two measurement points. Therefore, our system is capable of measuring
the angle under the assumption that the distance between the two measurement points is larger
than that of the irregular surface. Furthermore, it is possible to observe the overview structures
of a target by increasing the number of optical fibers, which can enable measurement of the
pitch as well as roll angles. Translational works to employ this angle measurement system to
injection tasks are underway and expected to be implemented to other surgical applications, such
as cannulation of veins or submucosa of internal organs.
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